Purpose The responsiveness of older individuals' skeletal muscle to anabolic strategies may be impaired. However, direct comparisons within the same experimental setting are sparse. The aim of this study was to assess the resting and postresistance exercise muscle protein synthesis rates in response to two types of milk protein and carbohydrate using a unilateral exercise leg model. Methods Twenty-seven older (69 ± 1 year, mean ± SE) men were randomly assigned one of three groups: Whey hydrolysate (WH), caseinate (CAS), or carbohydrate (CHO). By applying stable isotope tracer techniques (L-[ 15 N]phenylalanine), the fasted-rested (basal) myofibrillar fractional synthesis rate (FSR) was measured. Hereafter, FSR was measured in the postprandial phase (0.45 g nutrient/kg LBM) in both legs, one rested (fed-rest) and one exercised (10 × 8 reps at 70% 1RM; fed-exercise). In addition, the activity of p70S6K and venous plasma insulin, phenylalanine, and leucine concentrations were measured. Results Insulin, phenylalanine, and leucine concentrations differed markedly after intake of the different study drinks. The basal FSR in WH, CAS, and CHO were 0.027 ± 0.003, 0.030 ± 0.003, and 0.030 ± 0.004%/h, the fed-rested FSR were 0.043 ± 0.004, 0.045 ± 0.003, and 0.035 ± 0.004%/h, and the fed-exercised FSR were 0.041 ± 0.004, 0.043 ± 0.004, and 0.034 ± 0.004%/h, respectively. No significant differences were observed at any state between the groups. Fed-rested-and fed-exercised FSR were higher than basal (P < 0.001). 3 h after exercise and feeding, no significant group differences were detected in the activity of p70S6K. Conclusions Milk protein and carbohydrate supplementation stimulate myofibrillar protein synthesis in older men, with no further effect of heavy resistance exercise within 0-3 h post exercise.
Introduction
It is generally accepted that older individuals display a reduced responsiveness to classic anabolic stimuli such as protein intake [1] [2] [3] and exercise [4] [5] [6] . These observations have been termed 'anabolic resistance' and are associated with the aging process [7, 8] and partly responsible for the sarcopenic process [9, 10] . Still, protein intake and exercise are repeatedly suggested to be promising strategies to counteract the sarcopenic development [11] . Therefore, investigations to compare responses and to reveal the actual potency of these classic stimuli remain to be a target of interest.
Protein quality determined by amino acid composition and digestibility, is known to be a major regulating factor on whole-body protein turnover in the rested postprandial state [12, 13] . However, while the essential amino acids are primarily responsible for stimulating muscle protein synthesis (MPS) [14] , the impact of protein digestibility, and hence postprandial peak and pattern of hyperaminoacidemia are more unclear. The comparisons of the two milk proteins, whey and casein, are examples of natural proteins of high quality with distinct digestion and amino acid absorption kinetics where whey is digested 'fast' and casein is digested 'slow' [13] . In older, the impact of these two milk proteins are not clearly [15] [16] [17] [18] [19] supported also by results from a study where amino acids were provided in two different ingestion patterns to mimic different absorption patterns [20] . Here, 15 g of essential amino acids (corresponding to approximately 30 g of a good quality protein, like milk proteins) were provided either in one bolus or as 4 × 3.75 g at 45-min intervals resulting in very distinct insulin and amino acid concentrations during the total 4-h period. Despite marked differences in the p70S6K-Thr389 phosphorylation, the MPS rates were evenly enhanced over the entire period, though with a tendency to a more immediate and prolonged stimulation by the 'slow delivery' pattern [20] . Therefore, which characteristic of protein-feed derived amino acid delivery profile that exerts the most anabolic stimulus in aging muscle is still unclear: is it the fast availability and high peak concentration or is it the more moderate, though prolonged, delivery?
Muscle contractions are known to stimulate MPS independently of amino acid availability [5, 6] and some indications exist of an additive effect with hyperaminoacidemia [15, [21] [22] [23] . Therefore, resistance exercise seems to enhance the stimulatory effect of hyperaminoacidemia in older muscle, while the interaction with protein digestibility is less investigated [15, 23] .
The aim of this study is to compare the immediate 3-h myofibrillar protein synthesis rate responses to a single, isocaloric bolus drink of fast whey hydrolysate, slow calcium caseinate, or carbohydrate at rest and following a single, unilateral bout of heavy resistance exercise as compared to an overnight fasted and rested basal state in healthy, older men. The carbohydrate group is chosen as an isocaloric control group providing energy and a marked insulin response, but without amino acids. The hypothesis is that the MPS response following nutrient intake will be gradually higher as compared to the basal state in the rest leg and in the heavy resistance exercised leg. Whey hydrolysate is expected to be superior to caseinate and carbohydrate, and caseinate is expected to be superior to carbohydrate.
Methods

Subjects and groups
Twenty-seven older men were recruited and randomly assigned to one of three groups. All participants were initially screened and considered eligible for the experiment by standard laboratory blood tests and by a health, exercise and nutrition questionnaire. The recruitment was done together with another part of the project, which had an inclusion criteria of low-grade systemic inflammation determined as plasma C-reactive protein (CRP) above 2 mg/L [22] . Participants with CRP values below 2 mg/L were included and randomized to this non-low-grade inflamed part of the project or to the control group in the low-grade inflamed part [22] . Common inclusion criteria were: age > 60 years, body mass index > 18.5 kg/m 2 , Western diet (protein content > 0.8 g/ kg/day), moderately active but with no regular participation in heavy resistance exercise within last 6 months, and no metabolic disorders including diabetes. Each participant was given written and oral information about the study design, purpose, and possible risks before submitting written consent to participate. The project adhered to the Helsinki Declaration and was approved by the Ethics Committee of the Capital Region of Denmark (H-4-2011-028). The experiments in all three groups were identical except for the protein or carbohydrate supplementations, which were whey hydrolysate (WH), calcium caseinate (CAS), or carbohydrate as maltodextrin (CHO). Subject characteristics are listed in Table 1 .
Pre-experiment tests
All participants were scanned by dual-energy X-ray absorbance (DXA, Lunar DPX-IQ; GE Healthcare, Chalfont St. Giles, UK) for determination of body soft tissue composition, which included determination of lean body mass (LBM). The exercise leg was randomly chosen so that equally many performed the exercise with the dominant leg as with the non-dominant leg. The unilateral one repetition maximum (1RM) leg-extensor strength was determined in the leg extension machine (Technogym, Gambettola, Italy). This was done after a 5-10 min warm-up on a cycle ergometer, familiarization to the leg extension machine, and by gradually increasing the weight until the heaviest load that could be lifted once was reached.
Experimental protocol
All participants were asked to refrain from any strenuous physical activity 3 days prior to the trial day, and, furthermore, to refrain from alcohol and caffeine intake 1 day prior to the trial day. Subjects fasted from 10 p.m. the day before and arrived by car to the laboratory. The experiments started at 7 or 8 a.m. Participants were placed in beds and had an antecubital catheter inserted into a vein in both arms. One catheter was used for infusion of L-[ 15 N]phenylalanine was initiated and maintained for 7.5 h. The primed, continuous infusion of the phenylalanine tracer was calculated to produce a tracer-to-tracee ratio (TTR) of around 10% at isotopic steady state in the muscle-free pool. Thereafter, blood samples were collected at − 3, − 2, − 1, 0, 0.25, 0.5, 0.75, 1, 1.5, 2, and 3 h. M. vastus lateralis biopsies were obtained in the rested leg at − 3, 0, and 3 h, and at 0 and 3 h in the exercise leg. The biopsies were taken in the mid-part of m. vastus lateralis with random proximal-distal location and approximately 4 cm apart with 4-mm Bergström needles (Stille, Stockholm, Sweden) with manual suction. Muscle biopsy samples were quickly washed free of blood on ice-cold saline swabs, cut free of visible connective tissue, frozen in liquid nitrogen, and stored at − 80 °C. 20 mg, muscle tissue was allocated to protein-bound phenylalanine enrichment measurements, another 10 mg was allocated to muscle-free phenylalanine enrichment measurements, and the remainder of the muscle tissue was allocated to the Western Blot analyses. The experimental protocol is illustrated in Fig. 1 .
Unilateral exercise protocol
A single, unilateral heavy resistance exercise bout was started at − 1 h according to the study protocol and took approximately 45 min. The exercise was leg extension in the leg extension machine (Technogym). The exercise protocol consisted of ten sets with eight repetitions at a predetermined load of 70% of 1RM with 2 min of rest between each set. Each repetition was performed with approximately a 1 s concentric and a 2 s eccentric phase with no muscle rest between the eight repetitions.
Protein and carbohydrate supplementations
The milk protein and carbohydrate supplementation drinks were ingested at 0 h after the exercise bout was completed. The supplements were isoenergetic and contained 0.45 g of milk protein or carbohydrate per kg lean body mass (LBM). The whey hydrolysate was PEPTIGEN ® IF-3090 (Arla Foods Ingredients P/S, Viby J., Denmark), the calcium caseinate was MIPRODAN ® 40 (Arla Foods amba, Viby J., Denmark), and the carbohydrate was in the form of maltodextrin. The amino acid compositions of the two different types of milk protein are listed in Table 2 . All supplements were dissolved in 300 mL of water and ingested 
Venous plasma analyses
Insulin concentration was analysed by commercially available enzyme-linked immunosorbent assay kits (cat. no. K6219; Dako Denmark A/S, Glostrup, Denmark) with an intra-assay CV ≤ 7.5% and an inter-assay CV < 10%.
Venous phenylalanine enrichment and phenylalanine and leucine concentration were analysed with the use of 200 µL plasma-added known amounts of [ring- 13 C 6 ]phenylalanine and [U- 13 C 6 ]leucine as internal standards (Cambridge Isotope Laboratories). Derivatives were separated by gas chromatography and measured on a triple-stage quadrupole-mass spectrometer (GC-MS/MS; TSQ Quantum, Thermo Scientific, San Jose, CA). Details of the analysis protocol have been described elsewhere [24, 25] .
Muscle tissue analyses
10 mg of muscle tissue was used for measurement of muscle-free [
15 N]phenylalanine enrichment. The muscle tissue was homogenized in 2% perchloric acid and centrifuged at 1615 g for 10 min where after the supernatant was collected. This homogenization procedure was repeated twice on the pellet. The muscle-free amino acids in the supernatant were purified on cation exchange resin columns (AG 50W-X8 resin; Bio-Rad Laboratories, Hercules, CA) and derivatized and analysed by GC-MS/MS as described above for the venous plasma [ This study protocol provides a 3-h basal state, a 3-h fed-rest state, and a 3-h fed-exercise state for measurements of myofibrillar protein fractional synthesis rates chromatography-combustion-isotope ratio mass spectrometer (GC-C-IRMS; Delta Plus XL; Thermo Finnigan, Bremen, Germany) with the use of a CP-Sil 19 CB capillary column (60 m × ID 0.25 mm, coating 1.5 µm; ChromPack; Varian, Palo Alto, CA). Carbon monoxide (CO) was trapped in the column between analyte combustion and the IRMS inlet with the use of liquid nitrogen to avoid CO interference on mass 28 since CO and 14 N 2 both have mass 28. The phosphorylated p70S6K (Thr389)/total p70S6K ratio was measured by Western Blot technique. Muscle tissue samples were homogenized under liquid nitrogen and solubilized in SDS sample buffer (2.5% SDS, 10% glycerol, 50 mM of Tris-HCl (pH 6.8), 10 mM of dithioerythritol, 10 mM of β-glycerophosphate, 10 mM of NaF, 0.1 mM of sodium orthovanadate, and SIGMAFASTTM protease inhibitor cocktail (Sigma-Aldrich Denmark, Copenhagen, Denmark)). A total of 50 µg of protein per lane was separated on Criterion 10% gels (Bio-Rad Laboratories) and blotted to PVDF membranes. Equal loading and transfer was verified by amidoblack staining. Membranes were blocked with 5% dry milk in tris-buffered saline (TBS) with 0.1% Tween 20. Primary antibodies (Phospho-p70S6K (Thr389, #9234) and p70S6K (#9202) from Cell Signaling Technology, Danvers, MA) and HRP-coupled secondary antibody (Dako) were applied in 5% dry milk in TBS. Membranebound antibody was visualized using the Chemiluminescence Detection Kit for HRP (Biological Industries, Cromwell, CT) and the Fusion FX5 Chemiluminescence imaging system (Vilber Lourmat, Eberhardzell, Germany). Obtained images were quantified using the associated Bio-1D software (Vilber Lourmat). Each gel included samples belonging to all experimental groups, and to normalize for differences between incubation efficiency and exposure time among membranes, the intensity of individual bands representing phosphorylated or total p70S6K were set relative to the total sum of band intensities representing phosphorylated or total p70S6K on the membrane. Finally, the intensity of a sample from the control group was arbitrarily set to 1 and the remaining samples expressed accordingly. Due to the need of sufficient muscle tissue material, only a subset of participants could be analysed for p70S6K (WH, N = 4; CAS, N = 5; CHO, N = 4) as some muscle biopsies were too small for both tracer and Western Blot analyses.
Calculations
Myofibrillar protein FSR was calculated on the basis of [ 15 N] phenylalanine incorporation as FSR (%/h) = ((E p2 − E p1 )/ (E precursor × (T 2 − T 1 ))) × 100, where E p2 − E p1 is the myofibrillar protein-bound phenylalanine enrichment difference between two biopsies, E precursor is the weighted mean venous plasma, [ 15 N]phenylalanine enrichment in the specific FSR period, and T 2 -T 1 is the time in h between two biopsies [27] .
In the exercise leg FSR calculations, the precursor weighted mean venous plasma phenylalanine enrichment was adjusted by the muscle-free phenylalanine difference ratio between the rest and exercise leg.
Statistics
Subject characteristics and delta FSR values were compared with one-factor non-repeated ANOVA. All other measurements were compared by two-factor (group-factor: non-repeated, time-factor: repeated) ANOVA. In case of main significant effects, Student-Newman-Keuls post hoc tests were performed. Western blot data on p70S6K activation were log-transformed before statistical analyses to avoid skewed data, and results are presented as geometric means ± back-transformed SE. All other values are means ± SE, and the specific P values are displayed in the figure legends. Statistical significance was set at P < 0.05, and all statistical analyses were carried out using SigmaPlot 12.3 (Systat Software Inc., San Jose, CA).
Results
Subject characteristics
Subject characteristics are displayed in Table 1 . There were no differences between the three groups in any parameters, which include age, body stature, body composition, muscle strength, and blood cholesterol and CRP levels.
Venous plasma insulin concentration
Venous plasma insulin concentrations showed a significant interaction after the study drink intake and were significantly increased from 15 min to 1 h in CHO and WH, but not in CAS (Fig. 2) . At time point 15 min the insulin concentration in CHO and WH was significantly higher as compared to CAS. At time point 30 and 45 min the insulin concentration was significantly different between all three groups, so that CHO had higher concentration as compared to WH and CAS, and also WH had higher concentration as compared to CAS. At time point 1 h the insulin concentration was significantly higher in CHO only as compared to CAS.
Venous plasma phenylalanine enrichment and phenylalanine and leucine concentration
Venous plasma [ 15 N]phenylalanine enrichment was in steady state in the tracer incorporation period for FSR measurements in all three groups (Fig. 3a) . Venous plasma phenylalanine and leucine concentration showed a significant interaction after intake of the study drinks and were significantly increased in WH and CAS (Fig. 3b-c) . For phenylalanine concentration, the significant increase was transient from 15 min to 1.5 h in WH and prolonged from 30 min to 3 h in CAS, WH was significantly higher than CAS at 15 min, and CAS was significantly higher than WH at 2 and 3 h. For leucine concentration, the significant increase was evident in both WH and CAS from 15 min to 3 h, and WH was significantly higher than CAS from 15 min to 1.5 h. No significant amino acid concentration increase was observed after intake in CHO.
Muscle tissue-free phenylalanine enrichment
Muscle tissue-free [
15 N]phenylalanine enrichments are displayed in Fig. 4 . The enrichment was clearly higher in the exercised leg as compared to the rest leg immediately after exercise at 0 h, and this difference was not evident in CAS and CHO at 3 h. The mean enrichment ratio in the postprandial and post exercise period (exercise leg/rest leg 0-3 h) was used to adjust the weighted mean venous plasma [
15 N] phenylalanine enrichment.
Muscle protein synthesis
Myofibrillar protein FSR revealed a significant effect of the study drink intake alone (fed rest) and of the study drink intake and heavy resistance exercise (fed exercise) as compared to the basal-fasted rest state (Fig. 5 ). There , and leucine concentration (c) at fasted and rested state (− 3 h), fasted but after exercise (0 h), and following intake of whey hydrolysate (WH), caseinate (CAS), or carbohydrate (CHO) drinks. Data were analysed with a two-factor ANOVA (group non-repeated, time repeated) and the Student-Newman-Keuls post tests. Phenylalanine enrichments showed no differences. Phenylalanine and leucine concentrations showed interaction (P < 0.001), and post tests revealed: *time points within WH higher than 0 h, and # time points within CAS higher than 0 h (both P < 0.05); a WH higher than CAS and CHO, b WH and CAS higher than CHO, c CAS higher than WH and CHO, and d all groups are different (all P < 0.05) was no significant difference between the fed-rest-and fed-exercise states, and, furthermore, no significant differences were observed between the three groups in any state. The individual myofibrillar FSR response values are displayed in Fig. 6 . Within the fed-rest-and fed-exercise states, one-factor ANOVA tests revealed no significant differences between the three groups. The 27 basal myofibrillar FSR values did not correlate to any of the subject characteristics listed in Table 1 except a weak correlation with age ( Supplementary Fig. 1 ). The fed-rest state and fed-exercised state responses did correlate (P < 0.01, r 2 = 0.26, Supplementary Fig. 2 ).
Muscle protein synthesis signalling
The phosphorylated p70S6K (Thr389)/total p70S6K ratios expressed as fold changes in the fed-rest and fed-exercise states from the fasted rest biopsy time point 0 h in the rest leg are presented in Fig. 7 . There was no significant interaction or main effects of state or group.
Discussion
The present study compared the impact of different postprandial hyperaminoacidemia patterns on the resting and post-exercise MPS response in aging skeletal muscle. The main findings were that energy intake with or without 
Hyperaminoacidemia pattern
In a recent review, Reidy and Rasmussen [28] concluded that protein intake results in a superior stimulatory effect on young adult MPS as compared to carbohydrate, although they noted that also in the younger muscle the effect size of protein supplementation when compared to a carbohydrate control was small and with high variability [28] . The present finding of an even stimulatory effect of hyperaminoacidemia and hyperinsulinemia on myofibrillar protein synthesis rate supports the existence of an impaired responsiveness to hyperaminoacidemia in the ageing muscle. Furthermore, the pattern of the postprandial hyperaminoacidemia was markedly different between the two protein types during the 3-h period, but it had no impact on the response in the ageing muscle. When measured over a 6-h postprandial period, Koopman and colleagues could not detect any significant change in the MPS response after provision of intact vs. hydrolysed casein to older men despite marked differences in amino acid delivery pattern [29] . Similarly, over a 5-h postprandial period, Dideriksen and colleagues showed no differences on the myofibrillar protein FSR in older men when changing timing (caseinate either before or after a session of resistance exercise), or type (caseinate or whey protein after exercise) [18] . An even MPS response over such extended (5-6 h) postprandial periods are in accordance with findings in young people, where the tendency is that acute differences between whey and caseinate are averaged due to the fluctuating nature of hyperaminoacidemia [26] . In the present study, we measured the acute 3-h postprandial response only. Evidence to support that older muscle is insensitive to amino acid delivery profile was shown in a study by Mitchell and colleagues in which essential amino acids were provided either in one bolus (15 g) or in four 3.75 g pulses every 45th minute to mimic different protein digestibility and amino acid appearance patterns [20] . They divided the 4-h postprandial period into several shorter intervals of MPS but found no impact of amino acid provision pattern despite marked differences on intramuscular signalling favouring the large-bolus intake [20] . Similarly, Agergaard et al. supplemented older men with whey protein either in a large bolus or in repeated smaller pulses over a prolonged period [23] . Of special interest for the current study, neither any impact of delivery profile-nor amount (total of 28 g whey in bolus vs. 12 g whey in pulse) was found on the myofibrillar protein FSR during the initial 3-h period in the older men [23] . Over several hours (7 and 10 h), no differences in MPS were apparent between protein provision strategies and hyperaminoacidemia pattern [23] , which is in contrast to the finding in skeletal muscle of young men [30] . In summary, results suggest that the pattern of hyperaminoacidemia and hence, protein digestibility is not a major determinant for the postprandial stimulation of MPS in older adults.
Hyperinsulinemia pattern and effect of carbohydrate
While we and others previously have used a control group ingesting nothing or just water [18, 26, [31] [32] [33] , or only comparing different protein sources [15, 16, [34] [35] [36] , we here applied an isocaloric carbohydrate comparison. The impact of carbohydrate (glucose) intake and insulin secretion on muscle protein turnover rates remains rather unexplored. In rats, a 12-h fasting-induced reduction in resting MPS rate was restored to fed-state rates by insulin infusion [37] , and intake of carbohydrate enhanced the phosphorylation state of key enzymes critical for protein translation to the same extent as protein in the post-exercise period [38] . In healthy as well as in insulin-resistant humans, insulin infusion in the resting condition deprived intracellular amino acids [39] , lowered circulating amino acid concentrations by 30-60% [40] , enhanced inward transport of e.g., leucine, lysine and alanine, and importantly enhanced MPS rate [39, 41] . Some studies have compared the effects of carbohydrate together with protein [42] [43] [44] [45] [46] and carbohydrates together with protein and additional leucine [42, 47] to a carbohydrate-only intake on MPS in relation to exercise. In general, the results favour the intake of protein together with carbohydrate (and leucine in some studies) as compared to carbohydrate only. However, the results are equivocal. For example, the study by Koopman et al. [42] compared three different and not isocaloric post-exercise supplements given as small boluses every 30 min (carbohydrate; carbohydrate and whey protein hydrolysate; carbohydrate and whey protein hydrolysate and leucine) and only detected a significant difference in FSR of mixed muscle proteins between the carbohydrate intake as compared to the carbohydrate and protein and leucine intake in young. No difference was found in FSR between carbohydrate and carbohydrate and whey protein [42] . However, whole-body turnover clearly favoured the two different beverages including protein. Later, this group showed favourable effects of the carbohydrate, protein, and leucine intake as compared to carbohydrate only in both young and old [47] . A recent study by Rahbek et al. [45] could not detect any differences in young following both concentric and eccentric exercise regimens on myofibrillar FSR with a post-exercise intake of isocaloric carbohydrate (0.6 g/kg BW) or a mix of carbohydrate (0.3 g/kg BW) and whey protein hydrolysate (0.3 g/kg BW). Drawbacks of these studies are that no basal (i.e., fasted and rested state) FSRs were measured, and, therefore, it cannot be ruled out whether supplements actually induced an increase in FSR, and further that carbohydrate are not compared to a protein-only intake [42] [43] [44] [45] [46] [47] . A few studies have utilised the indirect 2-pool model measurements and found superior effects on local leg protein turnover after intake of carbohydrate together with protein and AA [48] and carbohydrate together with AA [49] as compared to carbohydrate intake only. Interestingly, in the latter study, there was no difference between intake of the carbohydrate only and AA only [49] . Furthermore, in a study by Roy et al. [50] post-exercise supplements of carbohydrates together with protein and fat, isocaloric carbohydrate only, and a non-caloric placebo were compared on measures of whole-body protein turnover. This study found even effects of the two nutrient-containing supplements as compared to the placebo on nonoxidative leucine disposal as an indirect measure of whole-body protein synthesis [50] . In our present study, the test drinks were isocaloric, and a major difference compared to the previous studies was that the carbohydrate intake was compared to a protein-only intake. Furthermore, we had basal measurements of MPS. The findings in a very recent study in older men illustrate that a basal FSR measurement can be important since the study document a positive response to a standard breakfast meal, which contained 1567 kJ in the form of 60 g carbohydrates, 11 g fat, and only 6 g of protein [51] . However, in this study, the standard breakfast meal was compared to intake of the breakfast with the addition of a vitamin D and leucineenriched whey protein medical nutrition drink (containing 21 g of protein including 3 g of leucine). The supplement and breakfast intake had superior effects on postprandial FSR as compared to the breakfast [51] . The point here is that without the basal FSR measurement, one could tend to see no effect of the breakfast-only meal.
In older peoples' skeletal muscle, we here demonstrate that carbohydrate intake inducing a moderate secretion of insulin resulted in increased myofibrillar protein synthesis rate similar to that gained after protein intake (Figs. 5,  6 ). In further support of the findings, Agergaard et al. [23] could not detect any difference in the myofibrillar protein fractional synthesis rate in older men after intake of 3 × 4 g of maltodextrin and moderate insulin secretion over a 3-h period compared to 3 × 4 or 28 g of whey protein intake. However, the numerical change in the present study appears somewhat smaller in the CHO group than in the protein groups (Figs. 5, 6 ). While no statistical difference was apparent when including all three groups in a statistical analysis (two-way ANOVA, Fig. 5 and one-way ANOVA on delta differences, Fig. 6 ), we also performed one-way repeated measures ANOVA within each of the groups separately (comparing basal-, fed-rest-, and fed-exercised states). With these tests, the CHO group did not reach statistical significance (P = 0.365), hence, the strength of the stimulatory capacity of carbohydrate seemed inferior to milk proteins (WH P = 0.008 and CAS P = 0.011). In summary, carbohydrate intake elicits an inferior stimulatory impact on MPS in older men's skeletal muscle as compared to milk protein intake.
Are the older men resistant to anabolic stimuli?
Except from a power-issue, the finding of no difference between conditions with hyperaminoacidemia and hyperinsulinemia on myofibrillar protein synthesis rate in older men could be caused by other means: either by provision of a suboptimal amount of protein, hence submaximal stimulation or by an overall blunted response to hyperaminoacidemia-i.e., presence of anabolic resistance.
It is well accepted that the dose-response relation for protein intake and enhanced MPS rate is right-shifted with increasing age [52] , whereas some controversy remains as to whether the maximal ability to increase MPS is blunted in older muscle [1, [53] [54] [55] [56] . In a recent report, Moore and colleagues found that the older on average need 0.61 g protein per kg LBM as compared to 0.25 g protein per kg LBM in young adults to obtain the maximal stimulatory effect of intake of a high-quality protein [57] . We provided 0.45 g protein per kg LBM, hence a suboptimal dose for most of our subjects. It is, therefore, likely, that we could have seen a larger stimulatory effect in the protein groups had we increased the amounts. However, Agergaard et al. could not detect differences between 28 g in one bolus and 3 × 4 g over 2 h in a 3-h FSR period [23] . Hence, as obvious from the previous report by Moore et al., the inter-individual variation increases with advancing age [57] , and it appears individually dependent how well older persons respond to a given quantity of protein.
Another determining factor for the stimulatory effect of a protein intake is the quantity of leucine [58] . In accordance, addition of leucine to a moderate amount of whole protein can stimulate the MPS rate above that of the protein amount alone both in young [59, 60] and in older subjects [61] . The leucine content of a given protein or amino acidbased supplement is considered important, and a threshold of 2 g of leucine per dose has been suggested for young adults [28] . Due to the right shift of the dose-response relationship, this threshold is expected to be higher for older adults [61, 62] . In the provided protein sources, the leucine content was similar (although slightly higher in CAS than in WH, Table 2 ), but due to the faster digestibility of the WH protein, venous plasma peak leucine concentration was higher after the WH (Fig. 3c) . In this study, the protein dose was adjusted to the individual's total lean body mass, therefore, the leucine intake was slightly different from subject to subject but averaged 2.3 g in WH and 2.5 g in CAS. Despite provision of these amounts of leucine and the marked concomitant increases in circulating plasma leucine concentrations (Fig. 3c ) no differences in MPS were observed between the protein types. This finding definitely points toward some degree of resistance to the known anabolic stimuli provided by full amino acid and leucine provision, and likely, the threshold level for leucine has not been reached in all participants [63] .
A recent systematic review concluded that evidence of anabolic resistance in older skeletal muscle appeared in 18 study arms out of 48, which were collected from 24 studies, and it was discussed that to overcome anabolic resistance, muscle contractile activity (i.e., intensity and volume) could be applied [11] . However, completion of the heavy resistance exercises in our study (10 × 8 repetitions at 70% 1RM), was neither capable of adding an effect on the MPS or making the muscle more responsive to hyperaminoacidemia. It may be though, that the volume and rather strenuous nature of the protocol may have postponed the responsiveness till beyond the 3-h window in which we measured the response [64] . However, impaired mTOR-responsiveness to heavy resistance exercise has been demonstrated to be part of the aging muscle [5] , and the phosphorylation state of key enzyme p70S6K downstream of mTOR do not suggest that the translational capacity is to be enhanced shortly beyond 3 h. The strenuous nature of the exercises may also have abolished the acute sensitizing impact of contractions, as Agergaard et al. after completion of light-load contractions found an additive increase in myofibrillar protein synthesis, though irrespective of protein/carbohydrate provision [23] . Such a sensitizing impact of moderate contractile activity in the older muscle has previously been demonstrated after treadmill walking [65] . This suggests the anabolic potency of such contractile modalities in older muscle as compared to younger where no additive effect was seen after lightload contractions [66] , whereas this has been shown after more heavy exercises [67] . Long-term studies need to be conducted to determine whether exercise of more moderate intensity is favourable for maintaining muscle mass at old age.
Study and method limitations
True tracer steady state in muscle tissue-free enrichment is difficult to achieve in exercise models, and the evaluation of eventual steady state enrichment will always be incomplete due to the limited number of muscle biopsies in a human trial setup. In this unilateral exercise study, there is a marked difference between the rested and exercised state in musclefree phenylalanine enrichment at the two post-exercise time points (0 and 3 h, see Fig. 4 ). Therefore, the weighted mean venous plasma enrichments were corrected for this difference, and the adjusted value was used as precursor in the calculations of myofibrillar FSR. This adjustment was applied to the plasma-enrichment values, which are measured frequently throughout the 3-h postprandial and post-exercise period to catch small fluctuations that cannot be detected by only measuring mean muscle-free enrichment between the muscle biopsy time points 0 and 3 h.
The inability to detect a difference between the milk protein supplementations and the carbohydrate is probably due to a higher than expected variation in individual responses, and, therefore, also a lower than expected power for estimating the true response to the supplements. Although increasing the number of investigated participants would enhance power, the best way to study such questions would be to apply a cross-over design, which would eliminate the inter-individual variations shown to be higher among older participants [57] . However, with the correlation between the fed-rest response and the fed-exercised response, it is evident that the individual variation or the degree of responsiveness is even between rested and exercised muscle (see Supplementary Fig. 2 ). Further, we only measured protein synthesis in the hours immediately following the intervention, and therefore, a later than three-hour response was not included in the comparison. Other studies have previously demonstrated a delayed response to anabolic stimuli especially in the protein fed and exercised state [23, 66, 68, 69] . As the leucine concentration is not back to baseline at 3 h in the protein groups, it could be speculated that the total response is not covered. Therefore, this 3-h protocol may underestimate the myofibrillar FSR response, especially after CAS intake [26] . It must also be recognised that the fasted measure of FSR is in the rested leg both before but also during the exercise protocol in the contralateral leg. Some cross-leg effects cannot be ruled out both in the fasted state and also in the 3-h fed state; however, we believe these effects are minor if any.
Other limitations of the study protocol were that the timing of muscle tissue sampling was limited to the fasted state at − 3 h and to 0 and 3 h post intervention. Therefore, potential fast and temporal activation of p70SK6 cannot be detected. Finally, we did not have any measures of muscle protein breakdown, and, therefore, effects on muscle protein balance or the net anabolic response to the different supplementations remain unknown.
Conclusion
In conclusion, two high-quality types of milk protein with very distinct digestibility elicited even increases in myofibrillar protein fractional synthesis rate within the first 3 hours after consumption. However, the stimulatory effect of the milk proteins was not significantly superior to intake of an isocaloric carbohydrate drink, which induced a higher insulin response. Furthermore, older men did not gain an additional effect of heavy resistance exercise together with the milk protein or carbohydrate intake in the immediate 3-h post intervention period.
